Abstract Mount Fuji has ejected a huge amount of basaltic products during the last 100,000 years. Even though the region around Mount Fuji is tectonically active, the seismicity below Mount Fuji is low, resulting in little knowledge about the seismic structure there. To gain more insight into the magma-plumbing system, we obtain the seismic structure beneath Mount Fuji by the receiver function (RF) technique. RFs at seismic stations around Mount Fuji show positive phases at~3 and~6 s, representing the conversion of P to S waves at a positive velocity boundary in the Philippine Sea plate. Cross sections of RF amplitudes reveal two distinct velocity boundaries around Mount Fuji, at depths of 40-50 km and 20-30 km, which we interpret to be the boundary between the crust-mantle transition layer and the uppermost mantle of the Izu-Bonin arc and the velocity discontinuity just below the region where low-frequency earthquakes (LFEs) of Mount Fuji have occurred, respectively. The velocity boundary at about 50 km depth shows a clear gap just beneath Mount Fuji. We suggest that this gap represents a weaker velocity contrast zone through which the magma of Mount Fuji ascends from the Pacific plate. A thorough grid search reveals that a low-velocity zone at depths of 13-26 km explains all the characteristics of RFs around Mount Fuji, leading us to interpret the high-velocity boundary just below the LFE region as the lower boundary of Mount Fuji's magma chamber.
flow from the PAC plate below in regions where PAC and PHS plates overlap, and the contribution of PHS fluid is distinctly small in Mount Fuji compared with other areas.
To understand the magma-plumbing system of Mount Fuji, we have to clarify the seismic structure there. Various studies have explored the structure beneath Mount Fuji from hypocenter distributions, focal mechanisms, three-dimensional seismic velocity structures, and reflection/refraction surveys. Nakajima et al. [2009] determined the distribution of interplate earthquakes relocated by an appropriate one-dimensional velocity model and carried out traveltime tomography to estimate the three-dimensional seismic velocity structures in central Japan. Their results suggest that the PHS plate subducts to a depth of 140 km to the northwest of the Izu collision zone. However, they did not find continuous high-velocity anomalies representing the PHS slab just below Mount Fuji.
A north dipping interface representing the top of the subducted part of the PHS at 25-35 km depth in the western parts of the Izu collision zone was revealed based on seismic refraction/wide-angle reflection analyses from active sources [Arai, 2011; Arai et al., 2014] . These studies concluded that the middle part of the IBA had been accreted beneath the Honshu arc in the process of the collision and subduction, and the top of the subducted IBA was the lower crust. Sato et al. [2012] compiled the results of refraction and reflection analyses from active source data around the Izu collision zone and mapped the upper boundary of the subducting PHS plate, whose upper and middle crusts have been accreted to the continental crust. Their results show that the upper boundary of the subducting PHS plate is about 20 km deep, 20 km to the northeast of Mount Fuji.
From September to December in 2000 and from April to May in 2001, many low-frequency earthquakes (LFEs) occurred at depths of 11-16 km beneath Mount Fuji [Nakamichi et al., 2004; Ukawa, 2005] . In response to them, [Seno et al., 1993] .
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seismic and electromagnetic campaigns were conducted between 2002 and 2005 to find the nature of the deep low-frequency earthquakes and their structural controls. Aizawa et al. [2004] obtained spatially continuous, high-resistivity regions from the southwest to the eastern side and from the eastern to the northeastern side beneath Mount Fuji. They also found a low-resistivity region at the depth of 20-50 km beneath these high-resistivity regions. They interpreted these high-and low-resistivity regions to represent the parts of the PHS plate and the magma chamber of Mount Fuji, respectively, concluding that the PHS plate splits at the eastern side below Mount Fuji. On the other hand, Nakamichi et al. [2007] pointed out the existence of a magma chamber of Mount Fuji at the depth of 15-25 km based on tomographic imaging of seismic velocity using a dense seismic array. Additionally, their seismic tomography did not find any tearing of the PHS plate, contrary to Aizawa et al.'s [2004] study.
Local seismic tomography by Nakamichi et al. [2007] resolves only a shallow portion and does not reveal an entire image of the magma chamber and the magma-plumbing system underneath it. Nakajima et al. [2009] did not detect velocity discontinuities just below Mount Fuji with seismic tomography, but the existence of velocity discontinuities should be examined in more detail in order to reveal the existence of the PHS slab. In this study, we investigate the structure of the PHS plate below Mount Fuji using a receiver function (RF) technique. By employing the RF analysis, we take advantages of the sensitivity to velocity discontinuities, as seen on the subducting plate, over conventional seismic tomography, which inherently has a limited resolution in imaging velocity boundaries. Our goal is to gain more insight into the volcanic system of Mount Fuji and to address questions such as why Mount Fuji is so large for an arc volcano.
Data and Analysis
A coda wave following a teleseismic body wave arrival consists of mode-converted phases. RF is a time series estimated by deconvoluting vertical components of teleseismic body wave from the horizontal ones. This deconvolution process removes the source time functions and the effect of instruments from the waveform, thereby isolating converted waves [e.g., Ammon, 1991] .
RFs are easy to define but difficult to compute in a reliable manner because a raw spectral division is unstable near spectral holes. Various methods have been proposed to calculate stable and reliable RFs numerically. To identify Ps converted phases from velocity boundaries below Mount Fuji using high-frequency data, we estimate RFs with the multiple-taper correlation (MTC) method by Park and Levin [2000] . In the MTC method, an orthonormal sequence of tapers is designed to minimize spectral leakage. The set of tapers and the associated eigenspectra can be combined to reduce the variance of the overall spectrum estimates [Park et al., 1987] . We use a global earthquake catalogue from the United States Geological Survey National Earthquake Information Center to extract teleseismic events with magnitudes larger than 6.0 and epicentral distance between 20 and 90°from Mount Fuji for the RF analysis.
Data from October 2002 to June 2005 have been used for RFs. Expected P wave arrival times are first calculated using the AK135 velocity model [Kennett et al., 1995] and then manually picked. Event selection is based on the criterion that the number of stations with clear P wave arrivals is equal to or greater than 5 for each event. The number of events at each station is from 15 to 221, depending on the signal-to-noise ratio and deployment time. Figure 3 shows the distribution of teleseismic events used in this study. We analyze 80 s waveforms for both pre-event noise and signal. The noise window ends 5 s before the P wave arrival time, and the signal window begins after the noise window. Preprocessing before calculating RFs includes mean removal, de-trending, and rotation to a great circle path. A total of 15,501 RFs in both radial and transverse components are obtained in this analysis. 
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Examples of Receiver Functions
We calculate the composite RFs from a weighted sum of single-event RFs to reduce noise. We set bins with a width of 10°and a spacing of 5°because RFs vary with the back azimuth with dipping velocity boundaries [Shiomi et al., 2004] . The weight of each RF is calculated using inverse variance in frequency domain [Park and Levin, 2000] . After calculating composite RFs, we apply a cosine-squared low-pass filter with a cutoff frequency of 1.0 Hz. We then obtained a total of 5997 stacked RFs. Figure 4 shows an example of stacked RFs lined up by back azimuth estimated at four stations, H.MSNH, H.TOIH, MMS and FUJ, shown by stars in Figure 2 . Positive and negative amplitudes of the RFs are usually interpreted to be generated at boundaries with upward and downward decreasing velocities (the high-and low-velocity boundaries), respectively. 
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Traveltime tomography [Nakajima et al., 2009] shows that the PHS slab subducts below station H.MSNH from south to north at a depth of about 30 km ( Figure 2 ) where our RF analysis revealed distinct positive phases at about 5 s in the radial component, representing a Ps converted phase from the Moho boundary of the subducting slab ( Figure 4a ). The arrival times of these Moho phases also vary with back azimuth, with earlier arrivals by waves traveling from the south (back azimuth of 150-210°) than those traveling from the north, indicating an existence of a slab dipping from south to north below H.MSNH. At station H.TOIH, positive phases are seen at 2 and 5 s in the radial component, representing velocity discontinuities in the continental crust such as the Conrad and Moho boundaries (Figure 4b ). At stations to the northeast of Mount Fuji, such as MMS, the direct P phase shifts apparently toward a positive lag time from zero, with a 
Journal of Geophysical Research: Solid Earth
10.1002/2014JB011522
broadened shape, indicating an existence of thick volcanic sediment layers below Mount Fuji [Cassidy, 1992] . Distinct positive phases at both 3 and 6 s in the radial component of MMS suggest sharp velocity increases below Mount Fuji. On the other hand, RFs of FUJ, southwest of Mount Fuji, do not show any positive phases at 3 s in the radial component ( Figure 4d ). Such characteristics may represent differences of the basement structure between the northeastern and southwestern parts of Mount Fuji, as shown by an active source seismic experiment [Oikawa et al., 2004] . Examining the RFs more closely, the transverse Ps pulses at 3 and 6 s of station MMS change polarity at 210 and between 255 and 275°, respectively (Figure 4c) . Also, the polarity of transverse pulses of FUJ at 6 s changes at 180, between 55-125 and 255-275°. Such polarity reversal in transverse components is common if dipping boundaries or anisotropic materials exist [Savage et al., 2007] . The polarity reversals in Figures 4c and 4d are not explained by either a single two-lobed or a four-lobed pattern, representing the effect of dipping or anisotropic structures, respectively. This implies that the polarity reversal that we observed is due to both dipping and anisotropic structures.
Cross Sections of the Radial RF's Amplitude
Many previous studies investigate the depth distribution of velocity discontinuities from RF images using dense seismic arrays [Shiomi et al., 2004; Tonegawa et al., 2006] . In this study, the ray parameter is calculated for each event-station pair using the AK135 velocity model [Kennett et al., 1995] with epicentral distance and focal depth. After correcting for station elevation, the RFs are mapped along its raypath traced in three dimensions through a flat-layer velocity model. Time-to-depth conversion is achieved with the velocity structure derived by traveltime tomography around Mount Fuji [Nakamichi et al., 2007] . We set the bin widths to 4 km in the horizontal direction and 1 km in depth. Each bin was 20 km wide perpendicular to the cross section. If multiple rays intersect the same bin, we take the average of the RF amplitude over the rays. To construct more detailed images around Mount Fuji, we change the bin width to 10 km perpendicular to the direction of the cross section. The depth of boundaries found in Figures 5 and 6 have errors caused by the assumption of a flat-layered structure in depth conversion. As discussed in section 3, the polarity pattern in the transverse component of RF indicates the existence of dipping and/or anisotropic media below Mount Fuji. Dipping layers below Mount Fuji cause errors in depth estimation from radial RFs because the arrival times of Ps conversion at velocity boundaries change by different back azimuths. Shiomi et al. [2004] evaluated the error of the depth conversion to be about 3 km from the boundary at 50 km depth, with a dipping angle of about 10°. Anisotropic layers also change the arrival times of Ps conversion in radial RFs.
A forward modeling calculation of RFs, including layers with velocity anisotropy between 3 and 8% in the mantle wedge and oceanic crust to reconstruct RFs in the subduction zone, shows that the arrival times of
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Ps converted phases in radial components are mostly constant regardless of back azimuths [Wirth and Long, 2012] . The difference of arrival times between the back azimuths is within 0.5 s, so the error of depth conversion caused by the anisotropic layer is within 5 km in this study.
Discussion
Evaluation of the Multiples
RF results are contaminated by multiple Ps converted phases (PpPs, PsPs, etc.) at shallow velocity discontinuities. Arrival times of these multiple phases can be calculated assuming a flat-layered velocity structure. We can separate Ps and PpPs arrivals because the arrival time of the Ps phase increases with increasing ray parameter, whereas that for PpPs decreases with increasing ray parameter [Salmon et al., 2011] . Figure 7 shows an example of RFs stacked according to ray parameters for all the rays that intersect regions 1 and 2 in Figure 5d and regions 3 and 4 in Figure 6a . Bin widths are 0.006 s/km with a spacing of 0.003 s/km. Predicted arrival times of Ps phases (solid gray lines in Figure 7 ) are calculated from the velocity structure obtained by a traveltime tomography by Nakamichi et al. [2007] . In Figure 7a , the arrival times of focusing positive phases found at the depth of 40-50 km in Figure 5d correspond to that of the Ps phase from 45 km depth, increasing with increasing ray parameter. Similarly, stacked RFs in Figures 7b-7d show that delay times of focusing phases increase with increasing ray parameters, supporting the idea that these phases are not multiples of shallow velocity boundaries. 
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Possible Velocity Models Below Mount Fuji
We examine possible velocity models below stations MMS and FUJ in Figure 2 by a grid search approach (Figure 8 ). We use a similar method to that employed by Igarashi et al. [2011] . Synthetic seismograms from a given velocity model are calculated using the propagator matrix method [Kennett and Kerry, 1979] , assuming velocity models with flat isotropic layers. After calculating synthetic RFs by the same method as that used to calculate the observed RFs, we apply a cosine-squared filter with a cutoff frequency of 1.0 Hz. The horizontal slowness is set to 0.064 s/km, and the density is estimated using Ludwig's law [Ludwig et al., 1970] . We use stacked RFs with the back azimuth range between 120 and 180°, the direction of the subduction of the Izu-Bonin arc. Observed RFs at MMS and FUJ (black lines in Figures 9a and 9b ) have five characteristics: (1) a wide pulse of the direct P phase (phase A), (2) an apparent shift of the direct P phase from zero time lag, (3) a large negative amplitude after the direct P phase (phase B), (4) a positive amplitude at about 4 s at MMS and at 6 s at FUJ (phase C), and (5) a negative amplitude at about 7-8 s (phase D). It is essential to figure out whether these characteristics are caused solely by high-velocity boundaries or by some low-velocity layers. To address this question, we examine two kinds of velocity models with (Model 1) and without (Model 2) a low-velocity layer in the middle crust of the PHS plate (Figure 8a ). We set five layers in Model 1 and four layers in Model 2. Eight model parameters v1, v2, v3, v4, Da, Db, Dc, and Dd in Model 1 and six parameters v1, v2, v3, Da, Db, and Dc in Model 2 are assumed. Parameters DaÀDd represent the depth (km) of the bottom boundary of each layer. Parameters v1 and v2Àv4 represent the S wave velocity (km/s) at the top of Layer 1 and in Layers 2-4, respectively. In Layer 1, the velocity increases from v1 (km/s) to v2 (km/s) by (v2Àv1)/Da steps. Based on the results of traveltime tomography by Nakamichi et al. [2007] , we set the Vp/Vs ratio to 2.2 in Layer 1 and the low-velocity layer and 1.73 in other layers. Possible parameter ranges are listed in Table 1 and shown in Figure 8b . We set the following constraints on the possible parameter ranges: the Vs of each layer can take discrete values with a spacing of 1.0 (km/s) in Model 1 and 0.5 (km/s) in Model 2. The spacing of possible Da, Db, and Dc is 1.0 km in both models and that of Dd is 2.0 km in Model 1. We also constrain the average P wave velocity above 60 km depth to be less than 7.0 (km/s) to avoid that all boundaries go to shallow depths and all of the amplitude is created only by the multiple phases of shallow boundaries. 
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Then, a total of 2,101,948 synthetic RFs for Model 1 and 989,472 synthetic RFs for Model 2 have been calculated. The amplitudes of all the RFs have been normalized by the amplitude of the direct P phase. The least squares errors between the synthetic and observed RFs are calculated. Figure 9 shows the optimum S velocity models for Models 1 and 2 at the two stations. We visualize our result using S velocity, because the converted wave of RFs is sensitive to S velocity contrast [Julia, 2007] .
The optimum solutions we obtained (Figure 9 ) have the following features:
1. A broadened pulse and apparent shifts from zero time lag (phase A) are explained by setting 1-3 km thick volcanic sediment layers at both stations. The time shift is larger in the RF of FUJ than that of MMS, representing a thicker sediment layer on the western part of Mount Fuji than on the eastern part. This is consistent with the shallow P wave velocity structure derived from an active source seismic experiment [Oikawa et al., 2004] . Journal of Geophysical Research: Solid Earth 10.1002/2014JB011522 2. A negative phase after the direct P phases is created by the multiple phases (PsPs or PpSs) in sediment layers, but the absolute amplitude of phase B is too large to explain by multiple phases alone. The Ps converted wave at the upper boundary of the low-velocity zone at depths of 13-18 km (Model 1) creates a large negative amplitude at both stations. 3. The positive amplitudes at about 4-5 s (phase C) at MMS is created by the positive velocity boundary at 20 km for Model 1 and 47 km for Model 2. Phase C at FUJ is created by the positive velocity boundary at about 26 km for Model 1 and 38-41 km for Model 2. 4. The large negative amplitude at 7-8 s (phase D) is explained only by Model 1, where the PpPs phase converted at the upper boundary of the low-velocity layer has a negative amplitude at 8 s.
Considering the aforementioned discussion, we conclude that a low-velocity layer at depths of about 13-20 km below MMS and 18-26 km below FUJ, respectively, is required to fit all positive and negative arrivals of RF around Mount Fuji. The depth of conversion can change because we use flat-layered isotropic velocity structures in the grid search, although polarity reversals that represent dipping or anisotropic layers are found in the observed transverse components. The depth error by the dipping layers and anisotropic structures is within 5 km as discussed in section 4. We find distinct positive velocity boundaries which extend from 40 to 60 km deep below the region where the IBA has been colliding with central Japan (solid black lines in Figures 5c-5e and 6b). These distinct phases are consistent with the finding of Asano et al. [1985] , who defined a velocity boundary at a depth of about 40 km below the Izu peninsula from a seismic refraction experiment. Kodaira et al. [2007] and Takahashi et al. [2009] developed the seismic structure models of the crust and the uppermost mantle using active source seismic profiling along and across the precollisional IBA, respectively. They found thickened middle crust below basaltic volcano islands and a 5-10 km thick mafic/ultramafic crust-mantle transition layer (CMTL) [Takahashi et al., 2009] between the lower crust and the upper mantle along IBA. They also delineated that the boundary between CMTL and the uppermost mantle is about 30-35 km deep below volcanic islands. Considering that the middle crust of the Izu collision zone is thicker than that of volcanic islands because the onshore volume is much larger, the velocity boundary between CMTL and the uppermost mantle can be deeper than 30-35 km in the Izu collision zone. Combining previous results with ours, the distinct positive phase we find at a depth of 40-60 km below the Izu collision zone represents the boundary between CMTL and the uppermost mantle layer.
The Gap of the Positive Phase Below Mount Fuji
We find a gap of the positive phases that represent the boundary between CMTL and the uppermost mantle just below Mount Fuji (shown by white arrows in Figures 5d and 6 ). The gap in the velocity boundary would suggest that the velocity contrast is locally gradual or that there is no velocity gradient in the region. To address why this velocity boundary does not continue to just below Mount Fuji, we stack RFs with a cutoff frequency of 1 Hz and 2 Hz for all the rays that intersect regions A, B, and C in Figure 10a (same cross section in Figure 6b ). The number of seismic rays passing through the target area is 264 in region A, 163 in region B, and 162 in region C. Stacked RFs with a cutoff frequency of 1 Hz in Figures 10b and 10d show distinct positive phases at about 5-6 s that represent positive velocity boundaries between 40 and 50 km, whereas there is a broad negative phase between 4 and 7 s in Figure 10c . A stacked RF with a cutoff frequency of 2 Hz in region B shows a negative phase at a depth between 40 and 50 km (gray arrow in Figure 10c ) representing that the velocity contrast at about 40-50 km in region B is weaker than that in regions A and C. Furthermore, RFs observed at station MMS (Figure 4c) show that the distinct positive phases at about 6 s are not observed with the back azimuth range between 150 and 200°. These support the idea that S velocity contrast between CMTL and the upper mantle becomes locally weak just below Mount Fuji. The existence of this gap just below the magma chamber of Mount Fuji also implies that the upwelling magma of Mount Fuji from PAC plate passes through the area. Figure 11 gives a schematic illustration of our result in the N-S and SW-NE cross sections. In the N-S cross section (Figure 11a ), a velocity boundary at depths of 40-60 km below the Izu collision zone represents the boundary between CMTL and the uppermost mantle. There is a gap of this boundary just below Mount Fuji, representing a weaker velocity contrast zone at a depth of 50 km. The upper boundary of the subducting PHS slab at the Izu collision zone is the lower crust [Arai, 2011; Arai et al., 2014] . The positive boundary at depths of about 20-30 km is the bottom boundary of the magma chamber of Mount Fuji. In the SW-NE cross section (Figure 11b ), we find the same velocity boundaries where IBA is colliding with central Japan as seen in the N-S cross section in Figure 11a . We also find the Moho boundary where the back-arc crust and the fore-arc crust of the PAC plate are subducting. A velocity boundary is at depths of about 50-60 km where the back arc of the PHS is subducting. We interpret this positive phase as the velocity boundary in the upper mantle of the PHS plate. 
The Seismic Structure Around Mount Fuji
Conclusions
We apply a receiver function analysis to the teleseismic data recorded by seismic stations around Mount Fuji to estimate the depth of the velocity boundaries in the subducting PHS slab and gain insight into the magma-plumbing system of Mount Fuji. Our findings can be summarized as follows.
1. Cross sections of RF amplitudes reveal two distinct velocity boundaries around Mount Fuji at 40-50 km and 20-30 km, which are interpreted as the upper boundary of the uppermost mantle of IBA and the velocity discontinuity below the region where low-frequency earthquakes of Mount Fuji occurred. 2. We find a gap of the velocity boundary of IBA at about the 50 km depth just below Mount Fuji, which can be interpreted as the weaker velocity contrast zone representing piled magma of Mount Fuji ascending from the PAC plate. 3. Forward modeling of RF shows that a low-velocity zone at 13-26 km depth is required to explain all the characteristics of obtained RFs around Mount Fuji. 4. We interpret a velocity boundary at 20-30 km below Mount Fuji to be related to the bottom boundary of the magma chamber of Mount Fuji. The upper boundary of the subducting PHS package at the Izu collision zone is the lower crust [Arai, 2011; Arai et al., 2014] . There is the Moho boundary where the back-arc crust and the fore-arc crust of the PAC plate are subducting.
